JICURNAL OF BESEARTH of the Mational Bureoy of Stondards—A. Physies and Chemigiry
Wol. 684, Mo, B, Saptember-Cotobar 1862

Pyrolysis of Some Polyvinyl Polymers at
Temperatures Up to 1,200 °C
Sidney Straus and Samuel . Madorsky

(May 10, 19621

% stt.ucur wa]s {lﬁ_a.dc 0Lt-llle therm;a,l belimviur 5.51 & vaeu:m:; tgui)u]l}'styrene
arcethrlene, poly{a-methyletyrene), polypropylens iR ene, AN
hucrylate), when pyralized at 500, 200, and 1,200 o The voi

mek

polytetranu-
pol?(mathyl
atlle produsts of degrs-

dation were oolleoted and froctionated, and tha fractions analyzed bE maRs-apectrametria

and micrporroscopic methods.

Geoerally, the resulta from B0 ©
thoze obtalned previcusly from the same polymer ut lower temperatures,

ralyais resemblg
e reaulta ab 2007

and 1,200* indioste A much greater fragmentation of the pyrolysis products then at lower

temparatures. Thus, for exampla, at 1,200¢
siderable greater amounta of CuH;, (_‘qu, (hHa,

polystyrene yia lows monemsar but eon-

and 7, H, thon ot lower temperatures.  Simi-

Im;% ng?{u—mnthy]st:,rrﬂne} yields 100 pereent monomer below 500 °C, but at 300 and
1,

thie ¥ields ava BB prereant and 34 percent, réapectlvely,
stures, preoounced amounts of Hy, CH,, CH, C.H,, CH, CH, CH, C,

C¢Hy are formed,
1. Introduction

While the literature contains a gpreat deal of in-
formation on the behavior of polymers at temper-
aturea up to about 500 *0, little is known about
their behavior above this temperatura. Natoral
erepe rubber was pyrolyzed up to 700 0 [1])
smoked crepe up to 650 °C [2], and poiyizoprena
up o 900 °C [3]. In all these experiments it was
found that a hirher temperature of pyrolysis pro-
dueea & greater yield of izoprene in tha degradation
producta [3, 4.

In the past few yesrs a number of applications
have been made ol anie polymers as protective
coatings for hodicz subjected to very high tempera-
tures, They have been used, for example, as the
covering of the noge cones of missiles and aatellites
which develop considerable amounts of heat throngh
frictlon with air at high vclocities, and as the lining
for the ioner aurface of nozzles that cotne in contact
with the hot exhaust gases in jet propulsion, These
applications have stimulated research on the thermal
stability of polymaers at high temperatores. In
these investigations the heating of the materials
has often heen ﬂﬂ‘:“mlil]jsh‘*d by meanz of an clectric
arc ot by a stream of hot pas.  However, in moat of
these expariimenia the polymeric msaterials were not
in the purs state bat contained extraneons materials
such s carbon, plass, ashestos, etc. The products
of degradstion, therefore, consisted of a complex
mixture of molecular fragmente coming not only
from the polymer but from the extranecus material
as well, The gases from the arc or from the hot
stresm were &n additional source of contamination
of the products. This made it very difficult either
e anlyze the preducts of degradation or to interpret
the chemical reactions involvad.

Studies wera recently made by the present anthors
on the pyrolysis of polymers In 2 vacuum and, in

1 Flgnres in beaokote [ndicate tlee litsretare refarences s Whe oo of this poper.

Alsa 5f the Iﬂgher LeImper=
5 G{Ha, and

some cases, in & helium aimosphbere 1n the tempera-
ture ranga of 50 to 1,200 *C. The polymers thus
inveatirated were: polystyrene up to 350 °C, and
polyacrylonitrile, poly (vinylidene Horide}, and poly-
trivinylbenzene up to 800 "C [5]: polymethylene,
poly{vinylidena fluoride), and pui}'triviuylhenzena
up to 1,200 °C [8]; and silicons, phenche, epoxy,
and esfer resins up to 1,200 °C {7]. The present
inveatigation extends tha program to cover a few
simple vionyl polymers at temperatures ranging from
400 to 1200 *C. These polyrers include ]::Elysl;y—

rene, polrteirafluorcethylenn, pﬂ]y{a—mathylali'-
rene), Ipul}fﬁlropylene, polyisobutylene, and poly
{methyl methsaerylata).

2. Materials Used

. The materials used had the following characteris-

tuea;

(8) Polystyrene. Therinully prepaved. Molecular
weight 230,000, a8 determined by the osmotic pres-
gure method.

(b} Polytetrafuorcethylene, Teflon tape 007 mm
thick. olecular weight not known, but estimsated
te he very high.

(¢) Polylo-methylstyrene). Flaky material ob-
tained from the Dow Chetnienl Company. Prepared
by low-temperature  polymcerization.  Molecular
wmﬁht. 350,000, as determined by light scattering,

(d} Pﬂig{pmpyfeﬂe. Fine white powder obtamed
from B. F. Goodrich Company. f’re-pal‘ed hy the
Ziegler method, Molecular weight between 50,000
and 100,060,

{e} Poly ene. Dure grade whita gum. Cur-
rently v=ed as & Netional Buresun of Standards stand-
ard material for viscosity messurements. Molecular
welght 1,660,000, ag determined by the Heht-scatter-
ing method. '

(f) Poly(methyl methaerploie). Prepared from the
monomsr at room temperature withont the use of
catalyats. Molecular weipht 5,100,000, as deter-
mined by light scattering,

401



3. Apparatus and Ezxperimental Procedure

The apparatus veed in the pyrolysis studies was
the saine us that used in the pyrolysis of polytrivinyl-
bonzene and other polymers [6, 7], exvept that the
fusad quartz tube holding the sanple tube was ro-
placed wiih a platinumn tube. Samples weighing 15
to 30 g werc heated in a vacuuin by quickly moving
& prehested furnace into position surrounding the
samapla for pyrolysis. For temperatures of 500 9C or
lower a 5-min period was used {0 heat up the sample
from room temperature to the tem ture of p{ml-
yaia, followed by a 380-min period at the pyrolysis
temperature, unetuation of the finnl temperature
was +2 °Ct. For higher temperatures & 2-min pre-
hesting period was followed by & 5-min heating pe-
riod at the required temperature, and fuctustion of
the operating temperature was £ 5 °C. The residues
were weighed, and the volatile products were col-
lected and fractionated. The following wolatilized
fractions were obtained: () A waxiike fraction, desig-
nated as V., volatile at the temperature of pyrolysis,
but not at room temperature, and consisting of lurge
mojecular frapmenta deposited in the apparatus just
beyond the hot zone; (b) a light fraction, Vs, valatile
at roorn temnperature, collected in & liquid-nitrogen-
cooled trap; and {e) a gaseous fraction, V_,., not
condensable at the temperature of liquid nitrogen.
In some eases a fraction, V_g, volatila at the tem-
}:ernym*e of dry ice, was alao eollected. Analyaes of
ractions Vi, V_ g, and V_iy were made by means of
& WA3B sRectromeater.

4. Experimental Detail

4.1. Polyehyrans

It was shown in an earlier study [5] on pyrolysis of
Enlystpwene at 362 and 550 °C in a vacoum, and in
clium at atmospheric pressure, that v higher ten.
arature, s higher f:mssure; ot both, causc s greater
ragmentation of the volatde producta. This study
hes now been cxtended to temperatures up to 1,200
°C. The volatile products were collected and frac-
tionated in the usual manner, and the more volatile
[ractions were apalyzed in the mass spectrometer.
Distribution of fractions from pyrolysis in a vae-
uum at 400, 500, 500, and 1,200 °C i shown in table 1,
and from f'rnlﬁis at gimilar temperatures in he-
Liutn, in table 2. Results of analy=is of the volafile
products from pyroelysia in a vacoum are shown in
tabla 3 and those froin pyrolysis in helinm are shown
in table 4. As seen from tables 3 and 4, the yield of
monomer CH, from vacuum pyrolysie decreases
with increase of temperature, w in pyroly=is in
helium the decrease 13 so drastic that at 1,200 °C
only 0.6 percent of monomer is produeed.
hera iz some discrepancy between the results
shown in tables 1, 2, 3, and 4 of this paper and those
obtained previouely at 362 and 850 °C [5, 8]. How-
ever, this may be due to the fact that in this work
the titne of collecting fraction V', by meane of Higuid
nitrogen was 3 hr instead of the 1 kr in the previous
work. The longer period of collection of 1, wes
used in all the experiments deseribed in this paper.
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4.2. Polytetraflucrosthylens

It was shown i our previous work [9] that poly-
tetrafluoracthylene (Teflon), when pyro ifn o
Tacuum, at temperatures u]t:ll to 538 "U, yields alout
G5 ﬁarcxam monormer.  In the present work the effect
of higher temperatures of E}Tnlysis on the nature
and relative amounts of the volatiles iz revealed.
Distribution of fractions and snalyais of volstila

reducts are shown in tebles 5 and 4. The HF
in the products at 7,200 °C was calculated from tha
mass spectrometer analysis of SiF, which forme in
the reaction of HF with glass in the presence of even
a trace of HyO. In contrast with low-tetnperatnra
pyrolysis, the products from pyrolysis at higher
temperatures contain, in addition to monomer,
conalderable amounts of larger fragments collected
pa fraction T,

TawrE ., Pyrolysie of peolypeiraf uorasthyleng i o mgeuas

400 °C. For polypropylene the rield of monomer-
size molecules, fraction Va, ia about 14 percent [11]
and for polyisobutylene sbout 32 percent [4]. At
higher temperatures fractions Vi sra produced in
larger amounts, az shown in tables 9 and 10.
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When heuted in & vicuum st temperatures below
400 °C, poly(o-methylstyrene) decomposcs almoat
completely into monomer [10]. The effect of &
higher temperature on the distribution of fractions in
the pyrolysis of this polymer iz shown in table 7.
Considerable amounta of fractions Vi, and V_ig are
produced at the expense of fraction Vo, This effect
15 evel nobe indieated in table 8, where
analysis of the volatile fractions from pyrolysis of tha
polymer ia shown,

4.4, Polypropylens and Polyisobutylena

Pyrolysis of these two polymers in a vacoum has
been studied previously at temperatures up to sbout
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Analyses of the volatile fraction from pyrolysis of
these two polymers are shown in tables 11 and 12,
As compared with pyrolyeis at temperatures below
500 °C, [4, 8, 11] the yields of monomers, C3H, and
CHs, are much higher at the higher temperatures.
However, in the case of polyischuivlene at 1,200 °C
the yield of (4H; is very low and the yields of Ir
menig of lower molecular weight, particularly of He,
CH,, snd C:H,, are vory high.

menomet, sppear among the volatiles. Table 12
shoyws the distribution of wolatile fractions for 500
BGO, and 1,200° O pyrolvsis. The appearance of
Preponderant snounts of V_jeat 1 200 0 is particu-
arly notable and iz maioly due to the formation of
0, OO, H, CH,, CyH,, and C.,Hy, ns indicated in
table 14. It was found that fractions Vi and Vo
[rom pyrolysi= at 800 and 1,200 °C, if sllowed to
stind for more than & day, tended to repolymenze
and thus give misleading resulta. All the analyses of
these two fractions were therefore made on the same
day that they were produced and eollected.
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4.5, Polyimethy]l methacrylats)

Poly{methyl methacrylate) decompoees primarily
into monomer on heating in a vaeyum at tempers-
tires up to about 350 “C [10]. However, when the
temperaturs is raised te 1,200 °C ponsiderabla amounts
of other fragments, both larger and smaller than the
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5. Discussion

As indicated in this paper, the method of heating
a polymer sample consisted in moving quickly a
furnace preheated to the required temperature mnto
position to surround the sample. It 13 safe to as-
sume thai in the earhier work helow 500 *C and also
in most eases in the present work at 500 °C most of
the pyrolysi= tock place at or near the specified
temperature since the reactions proceed at & moder-
ate rata, However, at tha temperatures of 200 and
1,200 °Cl, where the rates of degradation are ex-
tremely ilgh, it iz quite certain that most of the
volatihzabla paré of & given sample would degrade
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and evaporate while its femperature was rising
from room tem ture to 500 or 1,200 *C. An
iden of the speeds of reactions ot thesa temperatures
can be gained {rom the fact that below 500 C the
rates were [ound generally to double for every riae of
10°,  The enly limitation on this rata is the limited
rate of heat transfer to the sample to furnish the
heat yequired in the endothermic reactions. Under
theze circumstances the data obtained at the higher
temperatures indicate only a general trend in the
resulte of pyrolyeis as a function of temperature, on
the assumption that s higher mitial tetnperature
rezults in & higher pyrolysis tempersture.

Fraction Vi, from pyrolysis of the various poly-
mers dis,cusae:f in thig paper consisted of molecular
fragmenta too large to be soalyzed by the maoss
apectrometer at our disposal, and the amounts col-
locted were too amall to be anslyzed even by micro-
chemical methods. Instend, the fractions were
chacked for their average molecular weight by &
wmicrocryoacopic method. The resulte are shown in
table 15. Results for polymethylene are shown for
comparison. Hers again, a8 in the case of the lower
molecalar weight fractions, the higher the tempera-
ture of pyrolysia the greater 1o the frapmentation of
the rogucta, except m the cese of polystyrene. It
can be safely sssumed $hat the V,, {regmenie con-
siat of parts of the main chain, partially degraded.

Tasre 15, Aterage molectlar weighd of fraction Ve from
pyrolysiz of polymars ol various temparciras
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Another point to be considerad in connection with
this work 18 the moechanism of degradation. The
results of measarementa of relative amounts of the
gascous fractions and their chemical composition
reflect two principal mechanisms: {(a) a primary
thermal degradation, and (b) a subsequent degrada-
tion involving thermal and catalytic cracking resc-
tions in tha bot chamber, similar to those that take
place in petroleum eracking.

Reaulte of pyrolysis at 500 °(1 do not differ essen-
tinlly froin those obtained previously nt lower tem-
peratures.  However, reaulta of pyrelysia st 300 and
1,200 *C show a conspicuous departure from thoase
obtained below about 500 °C. This departure con-
sists mainly in an incressed fragmentation of the
degradation products and in the appearance of Vo
fraction in some cases where such & fraction is wb-
gent at lower temperatgres. Pyrolysis in e nentral
atmosphere such as helium also resalts in greater
frapmentation of the volatile producte due to their
glower escape from the hot zone. Thus, in the case

of pol!yst ne, monomer 18 the mein constituent in
the Vi [tuction when pyrolysis in a vacuum takes
place at temperaturcs up to 500 *°C. Ab 800 and
1,200 °C the yield of monomer is diminished, and
C,H;,, CLH,, and C.H, appear in increasing amounts,
SBimilerly, pyrolysis ut 800 and 1,200 *C in helium
ak at.muspﬂcric pressure yields amall amounts of
monomer, only 0.8 wit-% at 1,200 °C, and approci-
able amounts of CH; and C,H, Formation of
CH, can be sssumed to take place ss follows:

H H H B H H
T T [ L c C
\H/H\H/H\TL/H\ \Il/]-l\'g;ﬁ '\g/Il\_

S -4 -

or & phenyl group mey split off as a free radical
causing & scisslon in the backbonc of the chain

H =B H H H h
“H g H\IIKE\HKE\ H H,«-’E Hfﬁ\
ol G 5 \cl:i ‘“c \c

+

000 ~0- 0=

The free radiculs could then abaorh H from the sur-
rounding medium causing further seissions. Com-
pounds C:H: and C:H; could forin through scissions
in the backhone of the polymer chain, or they could
form [romn the monomer. In either case, thesa re-
actions result in o decrense of the yield of monomers.

With polytetrafluoroethylens, the main product
of pﬁ'm]}fsis at the lower tetoperatures is Cul,, with
gmall amowts of C4F; and CF.. At the higher
temperatures (LF, is still the dominant product,
hut in addition thera also appears small amcunls al
HF. There is no fraction Vyp formed ot tewmpers-
turcz up to 500 *C and only & emall amount at 300,
hut at 1,200 *C the yield of this fraction is consider-
shle. It was postulated in our earlier work [8)
that this polymer breaks up at fres radieal enda of
cheins by &n unzipping process to yield mostly
monomers, 1he overal% reaction is of first order
B, 12, 12]. This can be explained on the ground
that the unzipping process ia preceded by a process
of seission ﬂlPD— chain bonds inio frea radicals.
This reaction is slower and random and is therefors
rate determining and of first order. The absenca
of any Vi, 8t low temperatures is probably due to
the fact that at these temperatures unZipping, onca
started, proceeds unti! the whele chain is consumed,
zo that large fragments (Vi) de not appear ainong
the volatile products. At the hipher temperatures
gome of the shorter free radical chaina evaporate
hefore they have & chanee to decompose into moho-
mer, thus l:,'ie.l\cling; volatile fractions of ¥V, size.

With poly({a-methylstyrene) the distinction be-
tween low and high tempersture pyrolysis is clear-
cut. At lower temperatures the product consists
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of 100 percent montmer, At 300 and 1,200 °C
warioua amaller fragmentis, from H;, CH,, C.H;, and
other small hydrocarbons up to C,H; make their
appearanice. In addition to these there are amoirg

o degradation produsts at the higher tempersture
& congiderable amount of ¥y, siza fragmenta, whereas
st the lower temperature the yield of Vi, is zero.
The mechanism of degradation of this polymer is
similar to that of polytetraflucroethylens, and the
reaction ia of first order [14]. The %ppeamnce of
larger molecules found in fraction Vo, could he
canaed Ly the vaporzation at higher totaporatures
of some of these molecules before they have time &0
break up into the monomer by the unmpging TOCESE,
The formation of small moelacules found in {raction
V_ g i3 most likely cansed by cracking of the larger
molecules in the hot zone of the ApPPATALYA.

In the pyrolysis of pelypropylene, the monomer,
CiHy, appesrs in small amonntz below about 500 *0.
At &0 and 1,200 °C ite vield i considerable, The
reverse is true of Vi, due to the cracking of the
Vope [ragments into emaller molecules in the hot
Zone, ere ia some Hy and larger aeounts of CH,,
C.Hy GH, CH, CH, CH; snd CHy, at the
higher temperatures than at the lower. In this
respect the mechanism of degradation of poly-
proprlenc is similer to that of polymethylene [8].

Pyrolysis of polyisobutylene generslly follows the
same pattern as that of pulypmeﬂi,'lene, except for
the fact that at BOG °C' the yield of monomer js
higher than at 500 or at 1,200 °C, On compuring
the yield of Vi, for the threa temperatures, it
appears ihat there is an inverse relationship between
these products go that one may aseurs t at 500
and 800 °C the increase of monomer yield is at the
axpense of V.

Degradation of poly(methylmethacrylate), [ike
that of pﬁlj'tratmﬂuumathﬁlana and poly{e-methyl-
gtyrana), yields at the higher temperatures less
amounts of mencmer than &t the lower teraperstures.
Judging from table 14, the monorner decomposes st
t-haﬁ]f er temperatures, particularly at 1,200 °C,
to wield considerable amounta of R C(’);, CH.,
CyH,, CyH, snd similer compounds.
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